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We report the anisotropic magneto-transport measurement on a non-compound band semicon-
ductor black phosphorus (BP) with magnetic field B up to 16 Tesla applied in both perpendicular
and parallel to electric current I under hydrostatic pressures. The BP undergoes a topological
Lifshitz transition from band semiconductor to a zero-gap Dirac semimetal state, characterized by
a weak localization-weak antilocaliation transition at low magnetic fields and the emergence of a
nontrivial Berry Phase of pi detected by SdH magneto-oscillations in magnetoresistance curves. In
the transition region, we observe a pressure-dependent negative MR only in the B‖I configuration.
This negative longitudinal MR is attributed to the Adler-Bell-Jackiw anomaly (topological E · B
term) in the presence of weak antilocalization corrections.
PACS numbers: 74.20.Rp, 74.25.Ha, 74.70.Dd
More recently a new kind of topological materials
termed Dirac or Weyl semimetal, three-dimensional (3D)
analogs of two-dimensional graphene, has been inten-
sively investigated both theoretically and experimentally
in that Dirac or Weyl semimetal is a phase of matter that
provides a solid state realization of chiral Weyl fermions
[1–8]. Most of its unique physics is a consequence of
chiral anomaly, namely non-conservation of the number
of quasiparticles of a given chirality. This extraordinary
property is notably characterised by a large and strongly
anisotropic negative magneto-resistance (MR) which ex-
ists in the case when the electric and magnetic fields
are collinearly aligned. Indeed, following the theoretical
prediction, the chiral anomaly-induced negative MR has
been notably realized in Dirac semimetal Cd3As2 [9, 10]
and Na3Bi [11], Weyl semimetal TaAs [12, 13], ZeTe5 [14]
and noncentrosymmetric Weyl semimetals NbAs [15] and
NbP [16]. However, a sizable negative MR also exist in
semimetals which lack Dirac linear dispersion, such as
CdxHg1−xTe [17], PdCoO [18] and half-Heusler GdPtBi
[19]. The question naturally arises whether the chiral-
related negative MR is an intrinsic property of Dirac or
Weyl semimetal. Therefore, it is desirable to search for
the origin of negative MR in a broader class of semimet-
als.
Recently the narrow band-gap semiconductor, black
phosphorus (BP), has been revived owing to the real-
ization of mono-layered crystalline structure (phospho-
rene) and the exhibition of promising carrier mobili-
ties, possible a new candidate for next-generation elec-
tronic and spintronic devices [20–24]. Fundamentally,
BP has a relatively low band gap which can be fur-
ther reduced by increasing the interlayer coupling. As its
counterparts, slight change in the crystal structure thus
strongly modifies the band gap of BP [25, 26]. In partic-
ular, first-principle calculation predicts that BP posses
a unique band structure, whose dispersion is nearly
linear along the armchair direction [27, 28]. Recent
photoemission and magneto-transport measurements ap-
pear to support the theoretical prediction that bulk BP
host 3D Dirac semimetal phase [29, 30]. Therefore, in
such Dirac semimetal of BP, there is strong interest in
whether the chiral anomaly can be detected as a neg-
ative contribution to the longitudinal MR. In this pa-
per we apply a moderate hydrostatic pressure to drive
bulk BP into a semimetallic state. By anisotropic mag-
netoresistance measurements we observe a large negative
MR only in the presence of electric and magnetic fields
aligned collinearly. This negative longitudinal MR is at-
tributed to the Adler-Bell-Jackiw anomaly (topological
E · B term) in the presence of weak antilocalization cor-
rections.
Fig. 1(a) schematically illustrates the pressure depen-
dence of band structures of bulk BP using first-principle
electronic structure calculations. As calculated, the semi-
conducting system opens a gap of several hundred milli-
eV at ambient pressure. With increasing pressure P , the
semiconducting band gap gradually closes and the two
bands below and above Fermi energy EF touch at the Z-
point. The band inversion happens when further increas-
ing P , and inversion gaps are reopened at crossing points
due to finite spin-orbit coupling. Experimentally, the BP
crystal is a p-type semiconductor with an activation en-
ergy of Eg ≃ 8.6 meV in resistivity ρ vs. temperature (T )
at ambient pressure, as shown in the inset of Fig. 1(b).
Upon the applied pressure P the resistive divergence at
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FIG. 1: (Color online) (a) Brillouin zone and the evolution of
the band structure diagram of the black phosphorus under hy-
drostatic pressures. Band structures are calculated by using
the Vienna ab initio simulation package (VASP) based on gen-
eralized gradient approximation in Perdew-Burke-Ernzerhof
(PBE) pseudo-potentional, the spin-orbit coupling (SOC) is
included in our calculation. (b) Transverse resistivity ρxx as
a function of temperature T under several hydrostatic pres-
sures. Inset: The semi-logarithmic plot of resistivity vs. 1/T
at ambient pressure. The red solid line is the linearly fitting
line. (c) The semi-logarithmic plot of residue-resistance-ratio
[RRR ≡ R(300K)/R(2K)] as a function of P . The solid lines
are linear fits in the limited pressure region, respectively.
low T s is gradually suppressed and a completely metallic
state in the whole T range, occurs as P ≥ 1.52 GPa, as
shown in the main penal of Fig. 1(b). This dramatic
resistivity change with P -driven semiconductor-to-metal
(STM) transition was also observed in 3D topological
Kondo insulator SmB6 near a quantum critical pressure
of 5.4 GPa [31]. For a rough estimate of the critical pres-
sure Pc for STM transition in our BP samples, we choose
residue-resistance-ratio [RRR ≡ R(300K)/R(2K)] as a
function of P , as shown in Fig. 1(c). In this scenario,
the critical pressure for STM transition is between 0.8
and 1.1 GPa. Moreover, as shown in Fig. 1(c), RRR
scales with P as RRR ∝ exp(−aP ) on the semiconduct-
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FIG. 2: (Color online)(a) (c) Pressure dependence of mag-
netoresistance (MR ≡ ρ(B)−ρ(0))
ρ(0)
) at T = 2 K with magnetic
field B parallel to c-axis. (b) (d) Pressure dependence of mag-
netoresistance at T = 2 K with magnetic field B parallel to
b-axis. The upper insets of (a) and (b) are schematic of the
measurement configuration for B ‖ c and B ‖ b, respectively.
The red arrowed lines show the electric current with respect
to the applied magnetic field. (e) Temperature dependence
of MR with B ‖ c under P = 1.52 GPa. (f) Temperature
dependence of MR with B ‖ b under P = 1.20 GPa.
ing side (P < Pc) implying a P -dependent band gap
and eventually, a zero-gap semiconductor at Pc for BP.
Similar result has been obtained in P -dependent ρ − T
measurement [25].
To identify the nature of the P -induced STM transi-
tion and to provide useful information on Fermi surface
topology for metallic BP, we performed magnetoresis-
tance measurements with magnetic field B applied paral-
lel (B ‖ c) and perpendicular (B ‖ b) to the basal c-plane,
respectively. It is noted that in parallel B ‖ c the mag-
netic field is perpendicular to the current I, transverse
magnetoresistance TMR. On the contrary, in perpendic-
ular B is in the parallel direction of I, namely, B ‖ I
the so-called Lorentz-force-free configuration, resulting in
the longitudinal magnetoresistance LMR. Fig. 2 summa-
rizes the main results of magnetoresistance (MR) mea-
3surement at varied P s and T s with B ‖ c and B ‖ b,
respectively. At P ≤ 0.9 GPa in Fig. 2(a) and (b), the
MR≡ ρ(B)−ρ(0)
ρ(0) data show a sharp peak (negative) MR
at low fields for both B ‖ c and B ‖ b. In this pressure
region, the negative MR in the low field is attributed
to weak localization (WL) effect in band semiconducting
state [32–35]. However, as P approaches to Pc = 1.14
GPa, the negative MR completely vanishes, leaving a rel-
atively sharp positive MR superimposed on a underlying
magneto-oscillations for P ≥ Pc ≃ 1.14 GPa, as clearly
illustrated in Fig. 2(a). These dips in MR are similar to
those observed in thin film of magnetically doped Bi2Se3
topological insulators [34–36], graphene [37, 38] and 3D
Dirac semimetal Cd3As2 [39], which is a characteristic
feature of weak antilocalization (WAL) effect [38].
Generally, WL-WAL transition at low magnetic field is
a consequence of the emergence of topological band struc-
ture. The destructive interference due to the pi Berry
phase in momentum k-space can give an enhancement
to the classical electronic conductivity in small magnetic
fields, leading to a peculiar weak antilocalization effect
[37, 38]. In addition, the emergence of a nontrivial Berry
phase at P > Pc has been confirmed by analysing the
magneto-oscillations imposing on the MR curves at high
magnetic fields, see Supplement Material SII. Intrigu-
ingly, the WL-WAL crossover at low fields and the ap-
pearance of strong magneto-oscillations at high magnetic
fields at such Pc are accompanied with a dramatic en-
hancement of the MR ratio, reaching a large value of
2200% in 16 T with no indication of saturation, as shown
in Fig. 2(a). Similar large positive MR for B ‖ c has been
reported in a number of semimetals, such as WTe2 [40],
TaAs [12, 13] and Bismuth [41], and has been attributed
to the electron-hole compensation effect. Very recently, a
titanic non-saturating MR of 80000% in a more insulat-
ing BP sample has been observed and coincident with a
sign reversal of Hall effect from negative (electron-type)
to positive (hole-type) transition at Pc ≃ 1.2 GPa [30].
Combining with all of these experimental observations,
including a P -dependent zero-band gap state, the WL-
WAL crossover and the emergence of an electron pocket
with nontrivial Berry phase point to a topological phase
transition of the BP band structure at Pc.
In Fig. 2(b) and 2(d), a distinguishing feature is that
in longitudinal MR curves with B ‖ I, a large negative
MR appears at relatively high fields between 4 T and 8 T
in pressure region of 0.6 ∼ 1.6 GPa. Under higher P , the
negative LMR disappears even in Dirac semimetal state,
restoring to a normally quadratic MR with Landau os-
cillation level. It can be seen that the negative LMR is
beside on the WAL, reaching a maximum value of -60%
before a upturn to positive LMR at higher magnetic fields
at P = 1.2 GPa. To clearly observe the negative LMR,
we increase T s to suppress the magneto-oscillations in
MR. As shown in Fig. 2(f), below 20 K, the level of the
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FIG. 3: (Color online)(a) Pressure dependence of MR in the
parallel configuration (B ‖ b). The arrows mark the trace of
the turning points in such LMR curves (the minimum level of
the LMR) (b) The magnitude of negative MR as a function
of applied pressure at T = 50 K. The dashed lines are linear
fits in the limited pressure region, respectively.
negative LMR is nearly T -independent. With increasing
T , both the negative LMR and the WAL effect are sup-
pressed, and ultimately disappear above 150 K. In con-
trast, shown in Fig. 2(c) and Fig. 2(e) the TMR curves
show fully positive values in semimetal state (P ≥ Pc),
even no tendency toward a negative MR both in P s and
in T s. To double check the occurrence of the negative
MR only in the parallel configuration, we also measured
the MR curves with B ‖ a-axis up to 16 T and the electric
current always in ab-plane under same pressures (see Sup-
plement Material SIII). In these transverse MR curves,
no trace of negative MR is found.
From MR point of view, the appearance of negative
LMR is rare for non-ferromagnetic systems due to the
absence of Lorentz force acting on electron/quasiparticle
system. However, for topological materials it is believed
that negative LMR is a signature of the chiral anomaly,
i.e., nonconservation of the chiral charge in the present of
collinear-oriented E and B . Burkov [42] argued that the
occurrence of chiral anomaly-driven negative LMR has
two crucial ingredients. One is the magnetic field-induced
4coupling between the chiral and the total charge densi-
ties. This arises from the Berry curvature and is present
in principle whenever the Berry curvature is nonzero. In
this case the observation of negative LMR is nonspecific
to Dirac and Weyl metals. However, only when the chiral
charge density is a nearly conserved quantity, the cou-
pling between the chiral and the total charge densities
leads to a large negative LMR. This property is specific
to Dirac and Weyl metals and is realized only when the
Fermi energy is close to Weyl nodes.
To demonstrate the chirality-related nature of the neg-
ative LMR of BP, we show in Fig. 3 (a) the LMR curves
under various P s at a elevated T = 50 K. As shown, the
negative LMR is strongly P -dependent in magnitude. At
P < Pc, the level of the negative LMR increases with P ,
as arrow-marked in Fig. 3(a). At Pc = 1.12 GPa, the
negative LMR reaches a maximum of -40% in magnitude,
and then it decreases and completely disappears, enter-
ing a positive LMR state at P > 1.33 GPa. Fig. 3(b)
shows the linear dependence of the magnitude of negative
LMR on P . This behavior of the negative LMR is similar
to the topological phase transition based on RRR crite-
rion [Fig. 1(c)], indicative of the touching/closing of the
band gap reaching a generic Weyl node point at EF in
band structure of 3D Dirac semimetals. This Weyl node-
related negative LMR is the most prominent signature in
magnetotransport for the chiral anomaly for BP.
For a quantitative estimate of the chiral anomaly-
induced negative LMR, we attribute the underlying
mechanism for the negative MR to the Adler-Bell-Jackiw
(ABJ) anomaly in the presence of WAL corrections.
Based on a semi-classical theory of motion for the mo-
mentum, Kim et al. developed the equation describing
the ABJ anomaly and possible scattering channels of mo-
tion for the momentum [36, 43]. In their model, the lon-
gitudinal magnetoconductivity (MC) in the weak field
region is expressed as:
σL(B) = (1 + CWB
2) · σWAL + σn, (1)
with σWAL the conductivity from WAL corrections as-
sociated with scattering and σn being that from con-
ventional Fermi surface contributions. Here the factor
CWB
2 with a positive constant CW originates from the
topological (E ·B)Ωb term in the equation (Ωb the Berry
curvature in momentum). It is noted that a ∼ B2 term
of chiral magnetic effect for topological systems has been
deduced theoretically by Son et al. [44] and Kharzeev
et al. [45]. On the other hand, the transverse MC is ex-
pressed as σT (B) = σWAL+σn without the anomaly con-
tribution because of vanishing of the contribution from
E · B term. Fig. 4(a) and 4(b) show the typical trans-
verse MC and longitudinal MC curves at different T s in
the limited magnetic field region of −4 < B < 4 T, re-
spectively, with their correspondingly theoretical fitting
based on the above equations. As shown, the theoret-
ical fits to the data reproduce quite well the essential
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FIG. 4: (Color online) (a) Magneto-resistance in the form
of magneto-conductance (MC) δσxx ≡ σx(B) − σxx(0) ≃
−MR/ρ2(0) under P = 1.33 GPa. The red solid lines are
the theoretical fits for different T s, see in text. (b) Magneto-
conductance MC under P = 1.35 GPa for selected T s in B ‖ b
configuration. The colored solid lines are the theoretical fits
to the Equ. (1) for different T s.
features of these MC curves, yielding the important pa-
rameters as: CW = 1.39 × 10
−2 T−2 for T = 30 K and
CW = 1.0 × 10
−2 T−2 for T = 50 K for the longitudi-
nal MC curves. From these parameters, it can be sensed
that with increasing T , the value of CW deceases. As ex-
pected, CW should be zero with vanish of the downturn
of the longitudinal MC at high T s.
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